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Outline

• How dark energy affects cosmological 
observables
• a(t) => distances(z), growth of structure(z)

• Dark energy probes
• cosmic microwave background
• supernovae (type IA)
• galaxy clustering
• weak gravitational lensing
• galaxy cluster number counts

Warning: not a comprehensive list of experiments!
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Fig. 4.— Confidence contours in the cosmological parameters Ωm and w assuming a flat universe,

produced using the CosmoMC program. The SNLS3 contours are in blue, the SDSS DR7 LRG

contours in green, and the H0 prior in red. WMAP7 constraints are included in all contours. The

contours enclose 68.3% and 95.4% of the probability and include all SN systematic uncertainties.

The dashed line indicates w = −1. Numerical results are in Table 4.

+cmb

supernovae

galaxy clustering

Sullivan et al 2011

w=-1.06 +-0.07



Energy Densities in 
Cosmology

d(ln a)/dt matter dark energy

a=1/(1+z)
scale
factor

redshift



The expanding 
universe

• spatially flat FRW: dt2=a2(t) dr2 

• mapping between comoving distance 
between points and time depends on 
expansion history



Dark Energy 
from 

Distances
• distance 

sensitive to 
expansion rate



Gravity at work

simulations carried out by the Virgo Supercomputing Consortium using computers based at Computing Centre of the Max-Planck Society in 
Garching and at the Edinburgh Parallel Computing Centre. The data are publicly available at www.mpa-garching.mpg.de/NumCos

t=400 000 yrs t=20 million yrs t=500 million yrs t=13.7 billion yrs

simulated density contrast at different times

1 billion light years

http://www.mpa-garching.mpg.de/NumCos
http://www.mpa-garching.mpg.de/NumCos


• Growth of 
structure 
sensitive to 
expansion rate

Amplitude of density fluctuations in 
linear theory:

Amplitude of linear 
density fluctuations

w=-1/3
Λ

Dark Energy 
Studies with  
Growth Tests
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Fig. VI-2: The primary observables for dark-energy – the distance-redshift relation DDz)!
and the growth-redshift relation gDz) – are plotted vs. redshift for three cosmological 
models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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Characterizing 
Dark Energy

from Dark Energy Task Force report

w=-0.9

w=-1



Cosmic Microwave 
Background 

• acoustic scale (in cm) 
set by physics 
unrelated to dark 
energy
–angular scale depends 

on expansion history
• provides 

normalization of 
fluctuation amplitude 
at z~1100 10

WMAP
(all sky)

South Pole Telescope
(total 2500 sq deg)

8o



CMB Power Spectrum

SPT power spectra: Ryan Keisler; Christian Reichardt; Erik Shirokoff

characteristic
spacing set by 
angular size of
sound horizon 
at z=1089



 

! "#

$%&&'()*!+,!-./0!12%&/3/3'4!5%&!-'!$'%42('67!/0'!8'(%53/9!.,!/034!(':%/3.&!5%&!-'!50'5;'67!
permitting a test of the underlying GR theory*!
!
<3=2('!+>?@!3::24/(%/'4!/0'!',,'5/!.,!6%(;!'&'(=9!.&!/0'!634/%&5'?('6403,/!%&6!=(.A/0?
('6403,/!(':%/3.&47!03=0:3=0/3&=!/0'!&''6!,.(!B'(5'&/?:'8':!B('5343.&!3&!/0'4'!12%&/3/3'4!3,!
A'!%('!/.!5.&4/(%3&!/0'!6%(;?'&'(=9!'12%/3.&!.,!4/%/'!/.!%-.2/!C*#!%552(%59*!
!

!!! !
Fig. VI-2: The primary observables for dark-energy – the distance-redshift relation DDz)!
and the growth-redshift relation gDz) – are plotted vs. redshift for three cosmological 
models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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Exploding 
stars: 

Supernovae

nearby (Type II)

distant

(Type IA)

It appears that 
some supernovae 
(IA) all have the 
same intrinsic 
brightness 



Supernova!



SNe Multi-color 
Light Curves

15

Conley et al 2008 



Standardized Candles

16

each panel is a different 
wavelength range

Conley et al 2008 



SNe Hubble Diagram

17
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Fig. 5.— Hubble diagram of the combined sample. The residuals from the best fit are shown
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Forecast & Wish List for SNe

• need more SNe both at low-z and at z>1
–population studies to ensure that there isn’t 

some evolution in either each SN or in the 
demographics of the SN population

• more colors would be nice (IR, UV?)
–space-based? (WFIRST)

• a strong theoretical understanding of 
spectra & light curves would be reassuring

18
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models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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BAO

• Baryon 
Acoustic 
Oscillations 
leave 
imprint in 
matter 
distribution

Eisenstein, Seo & 
White 2006



Galaxy Clustering

• galaxies are 
clustered
• amplitude a bit tricky 

to use because 
galaxies live at peaks 
of density field 
(``biased’’)

• BAO signature 
leads to boosted 
clustering on 
acoustic scale 
(~100 h-1Mpc)

slice through SDSS survey



Baryon Oscillations imprinted 
in Galaxy Clustering

• first detected in 
Eisenstein et al 
2005 using SDSS 
LRG sample 
(extends to z~0.5)

• actually detected 
in angular & radial 
clustering

• standard 
ruler



The BAO Hubble 
Diagram

• BAO 
measurements 
at different z 
allow a test of 
the distance-
redshift 
relation

WiggleZ Survey: BAOs in redshift slices 15

Figure 11. Current measurements of the cosmic distance scale using the BAO standard ruler applied to the 6dFGS, SDSS and WiggleZ
surveys (where the data is taken from Beutler et al. 2011, Percival et al. 2010 and this study). The results are compared to a flat ΛCDM
cosmological model with matter density Ωm = 0.29 and Hubble parameter h = 0.69. Various representations of the data are shown: the
BAO distance DV (z) recovered from fits to the angle-averaged clustering measurements (top left-hand panel), these distances ratioed to
the fiducial model (top right-hand panel), the distilled parameter A(z) (defined by Equation 14) extracted from fits governed by both
the acoustic peak and clustering shape (bottom left-hand panel), and the distilled parameter dz determined by fits controlled by solely
the acoustic peak information (bottom right-hand panel). We note that the conversion of the BAO fits to the measurements of DV (z)
presented in the upper two plots requires a value for the standard ruler scale to be assumed: we take rs(zd) = 152.40 Mpc, obtained
using Equation 6 in Eisenstein & Hu (1998) evaluated for our fiducial model Ωmh2 = 0.1381 and Ωbh

2 = 0.02227.

Table 3. The BAO distance dataset from the 6dFGS, SDSS and
WiggleZ surveys. Measurements of the distilled parameters dz
and A(z) are quoted. The most appropriate choices to be used
in cosmological parameter fits are indicated by bold font. For the
SDSS data, the values of A(z) are obtained by scaling from the
measurements of dz reported by Percival et al. (2010) using their
fiducial cosmological parameters and the same fractional error.
The pairs of measurements at z = (0.2, 0.35), z = (0.44, 0.6)
and z = (0.6, 0.73) are correlated with coefficients 0.337, 0.369
and 0.438, respectively. The inverse covariance matrix of the data
points at z = (0.2, 0.35) is given by Equation 5 in Percival et al.
(2010). The inverse covariance matrix of the data points at z =
(0.44, 0.6, 0.73) is given in Table 2 above. The other measurements
are uncorrelated.

Sample z dz A(z)

6dFGS 0.106 0.336± 0.015 0.526± 0.028
SDSS 0.2 0.1905± 0.0061 0.488± 0.016
SDSS 0.35 0.1097± 0.0036 0.484± 0.016

WiggleZ 0.44 0.0916 ± 0.0071 0.474± 0.034
WiggleZ 0.6 0.0726 ± 0.0034 0.442± 0.020
WiggleZ 0.73 0.0592 ± 0.0032 0.424± 0.021

µ = 5 log10

[

DL(z)
1Mpc

]

+ 25, (15)

where DL(z) is the luminosity distance at redshift z. The
values of µ are reported for a particular choice of the normal-
ization M − 5 log10h, which is marginalized as an unknown
parameter in our analysis as described below. When fitting
cosmological models to these SNe data we used the full co-
variance matrix of these measurements including systematic
errors, as reported by Amanullah et al. (2010).

Figure 12 is a representation of the consistency and rel-
ative accuracy with which baryon oscillation measurements
and supernovae currently map out the cosmic distance scale.
In order to construct this figure we converted the BAO mea-
surements of DV (z) into DA(z) assuming a Hubble param-
eter H(z) for a flat ΛCDM model with Ωm = 0.29 and
h = 0.69. The binned supernovae data currently measure
the distance-redshift relation at z < 0.8 with 3 − 4 times
higher accuracy than the BAOs, although we note that the
consequences for cosmological parameter fits are highly in-
fluenced by the differing normalization of the two methods.
The supernovae measure the relative luminosity distance to
the relation at z = 0, DL(z)H0/c, owing to the unknown
value of the standard-candle absolute magnitude M . The
BAOs measure a distance scale relative to the sound hori-

Blake et al 2011



The BAO Hubble 
Diagram

• BAO 
measurements 
at different z 
allow a test of 
the distance-
redshift 
relation

16 Blake et al.

Figure 12. Comparison of the accuracy with which supernovae
and baryon acoustic oscillations map out the cosmic distance
scale at z < 0.8. For the purposes of this Figure, BAO mea-
surements of DV (z) have been converted into DA(z) assum-
ing a Hubble parameter H(z) for a flat ΛCDM model with
Ωm = 0.29 and h = 0.69, indicated by the solid line in the Fig-
ure, and SNe measurements of DL(z) have been plotted assuming
DA(z) = DL(z)/(1 + z)2.

zon at baryon drag calibrated by the CMB data, effectively
an absolute measurement of DV (z) given that the error is
dominated by the statistical uncertainty in the clustering
fits, rather than any systematic uncertainty in the sound
horizon calibration from the CMB.

When undertaking cosmological fits to the supernovae
dataset, we performed an analytic marginalization over the
unknown absolute normalization M−5 log10h (Goliath et al.
2001, Bridle et al. 2002). This is carried out by determining
the chi-squared statistic for each cosmological model as

χ2 = yT C−1

SN

y −
(
∑

ij
C−1

SN,ij yj)
2

∑

ij
C−1

SN,ij

(16)

where y is the vector representing the difference between the

distance moduli of the data and model, and C−1

SN

is the in-

verse covariance matrix for the supernovae distance moduli.

7.3 CMB dataset

We included the CMB data in our cosmological fits using
the Wilkinson Microwave Anisotropy Probe (WMAP) “dis-
tance priors” (Komatsu et al. 2009) using the 7-year WMAP
results reported by Komatsu et al. (2011). The distance pri-
ors quantify the complete CMB likelihood via a 3-parameter
covariance matrix for the acoustic index "A, the shift param-
eterR and the redshift of recombination z∗, as given in Table
10 of Komatsu et al. (2011). When deriving these quantities
we assumed a physical baryon density Ωbh

2 = 0.02227, a
CMB temperature TCMB = 2.725K and a number of rela-
tivistic degrees of freedom Neff = 3.04.

7.4 Flat w models

We first fitted a flat wCDM cosmological model in which
spatial curvature is fixed at Ωk = 0 but the equation-of-state

Figure 13. The joint probability for parameters Ωm and w fitted
separately to the WMAP, BAO and SNe distance data, marginal-
ized over Ωmh2 and assuming Ωk = 0. The two contour levels in
each case enclose regions containing 68.27% and 95.45% of the
total likelihood.

w of dark energy is varied as a free parameter. We fitted
for the three parameters (Ωm,Ωmh2, w) using flat, wide pri-
ors which extend well beyond the regions of high likelihood
and have no effect on the cosmological fits. The best-fitting
model has χ2 = 532.9 for 563 degrees of freedom, represent-
ing a good fit to the distance dataset.

Figures 13 and 14 compare the joint probability of Ωm

and w, marginalizing over Ωmh2, for the individual WMAP,
BAO and SNe datasets along with various combinations.
We note that for the “BAO only” contours in Figure 13, we
have not used any CMB calibration of the standard ruler
scale rs(zd), and thus the 6dFGS and SDSS measurements of
dz = rs(zd)/DV (z) do not contribute strongly to these con-
straints. Hence the addition of the CMB data in Figure 14
has the benefit of both improving the information from the
dz measurements by determining rs(zd), and contributing
the WMAP distance prior constraints. The WMAP+BAO
andWMAP+SNe data produce consistent determinations of
the cosmological parameters, with the error in the equation-
of-state ∆w ≈ 0.1. Combining all three datasets produces
the marginalized result w = −1.034 ± 0.080 (errors in the
other parameters are listed in Table 4; the quoted error in h
results from fitting the three parameters Ωm, h and w). The
best-fitting equation-of-state is consistent with a cosmolog-
ical constant model for which w = −1.

We caution that the probability contours plotted in Fig-
ures 13 and 14 (and other similar Figures in this Section) as-
sume that the errors in the BAO distance dataset are Gaus-
sian. If the likelihood contains a significant non-Gaussian
tail, the 2-σ region could be affected.

We repeated the WMAP+BAO fit comparing the two
different implementations of the SDSS-LRG BAO distance-
scale measurements: the Percival et al. (2010) power spec-
trum fitting at z = 0.2 and z = 0.35, and our corre-
lation function fit presented in Section 5. We found that
the marginalized measurements of w in the two cases were
−1.00± 0.13 and −0.97± 0.13, respectively. Our results are
therefore not significantly changed by the methodology used
for these LRG fits.

Blake et al 2011



Forecast & Wish List 
for BAO

• minimal (but not completely negligible) non-
linear physics

• mainly need more volume

• 100 Mpc/h scale + 1% precision requires at least 
a few Gpc on a side surveys (cH0-1~3 Gpc/h)

• lots of ideas & new surveys

• e.g.., quasar absorption lines/optical galaxies
(BigBoss); CHIME (21cm intensity mapping)

just my personal favorites, no offense to the many others...
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Fig. VI-2: The primary observables for dark-energy – the distance-redshift relation DDz)!
and the growth-redshift relation gDz) – are plotted vs. redshift for three cosmological 
models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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Gravitational Lensing
• Distortion, multiple 

imaging of distant 
sources

http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html
www.hubblesite.org



Gravitational Lensing
• Distortion, multiple 

imaging of distant 
sources

• amount of lensing 
depends on source/
lens/observer 
geometry (distances)

http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html





Weak Lensing

• gravitational potentials 
distort shapes by 
stretching, squeezing, 
shearing

• typical cosmic shear 
signal ~1%

Gravity



Galaxies are not round

• individual galaxies have 
complex morphologies

• solution: average over 
many galaxies 



Cosmic Shear Measurements

• very strong 
detections are now 
being made

• e.g., CFHTLS has 
published results 
from 57 sq deg of 
single-band ground-
based imaging 

8 L. Fu et al.: Very weak lensing in the CFHTLS Wide
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Fig. 4. Two-point statistics from the combined 57 point-
ings. The error bars of the E-mode include statistical noise
added in quadrature to the non-Gaussian cosmic variance.
Only statistical uncertainty contributes to the error bud-
get for the B-mode. Red filled points show the E-mode,
black open points the B-mode. The enlargements in each
panel show the signal in the angular range 35′-230′.
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Fig. 5. The top-hat E-mode shear signals of W1 up to
200′, of W2 up to 120′ and of W3 up to 230′ are shown.
The error bars includes statistical noise and cosmic vari-
ance for each individual field.

in Appendix B. It is worth noting that this is the first
time that a cosmic shear signal has been measured down
to i′AB = 24.5, beyond scales of one degree . Notice also
that the independent measurements of the shear statis-
tics made in the three individual fields W1, W2, W3 are
statistically consistent at all scales. This is illustrated by
Fig. 5, where the three measurements of top-hat disper-
sion are shown.

In Fig. 4 the error bars of the E-modes include sta-
tistical noise and cosmic variance calibrated for non-
Gaussianity, while the error for the B-modes only includes
statistical uncertainty. We find a clear E-mode signal and
a B-mode which is consistent with zero throughout the ex-
plored range of angular scales, except between 50 and 130
arc minutes where there is a small but significant feature
in all three second-order functions. This bump of the B-
mode peaks at about 60-80 arc-minutes which are the side
and diagonal sizes of a Megacam field. We therefore guess
it is due to a correlation in PSF residuals on the scale of
the camera. In Sect. 6 we show that our cosmological re-
sults are not biased by this level of residual systematics
on this range of angular scales.

On very large scales (120′-230′) we find a very small
B-mode, much smaller than both the E-mode amplitude
and cosmic variance, but which is not always within 1σ
of a zero detection. Notice that the errors on the B-mode
shown in Fig. 4 are theoretical (statistical) and not es-
timated from the data, which would include systematics
(for example error contributions may arise from the in-
complete PSF correction). Moreover, the signal-to-noise
with the present CFHTLS Wide data is so high, even for
B-modes, that subtle effects may dominate the very small
Poissonian error, particularly on large scales where there
are a significant number of galaxy pairs.

CFHTLS

Fu et al 2008

(error bars are correlated)

shear variance in 
top hat window 





Weak lensing 
tomography

• using source galaxies at 
different redshifts allows 
one to reconstruct the 3D 
mass distribution

• mass, not galaxy, density 
means you can measure 
the time evolution of the 
density fluctuations

• recent results using Hubble 
over ~1 sq deg

Massey et al



Weak lensing 
tomography

• using source galaxies at 
different redshifts allows 
one to reconstruct the 
3D mass distribution

• mass, not galaxy, density 
means you can measure 
the time evolution of the 
density fluctuations

Schrabback et al 2010

Tim Schrabback et al.: Evidence for the accelerated expansion of the Universe from 3D weak lensing with COSMOS 15

0.2 0.4 0.6 0.8 1.0
−2.0

−1.5

−1.0

−0.5

0.0

!m

w

 

Fig. 14. Constraints on Ωm and w from our 3D weak lensing
analysis of COSMOS for a flat wCDM cosmology, assuming a
prior w ∈ [−2, 0]. The contours indicate the 68.3% and 95.4%
credibility regions, where we have marginalized over the param-
eters which are not shown. The non-linear blue-scale indicates
the highest density region of the posterior.

sive probability ratios for wCDM versus ΛCDM of 52 : 48
(w ∈ [−2, 0]) and 45 : 55 (w ∈ [−3.5, 0.5]), confirming that the
data are fully consistent with ΛCDM.

6.4. Model recalibration with the Millennium Simulation and
joint constraints with WMAP-5

Heitmann et al. (2008) and Hilbert et al. (2009) found that the
Smith et al. (2003) fitting functions slightly underestimate non-
linear corrections to the power spectrum. To test whether this
has a significant influence on our results, we performed a
3D cosmological parameter estimation using the mean data
vector of the 288 COSMOS-like ray-tracing realisations from
the Millennium Simulation. Here we modify the strong pri-
ors given in Sect. 6.1 to match the input values of the simula-
tion (Ωm = 0.25, σ8 = 0.9, ns = 1, h = 0.73, Ωb = 0.045), and
find σ8 = 0.947 ± 0.00611 for Ωm = 0.25. This confirms the re-
sult of Heitmann et al. (2008) and Hilbert et al. (2009), indi-
cating that models based on Smith et al. (2003) slightly under-
estimate the shear signal, hence a larger σ8 is required to fit
the data. Here we use actual reduced shear estimates from the
simulation, but employ shear predictions, as done for the real
data (see Sect. 4). Using shear estimates from the simulation
yields σ8 = 0.936 ± 0.006. Hence, a minor contribution to the
overestimation of σ8 is caused by the negligence of reduced
shear corrections (see also Dodelson et al. 2006; Shapiro 2009;
Krause & Hirata 2009).

To compensate for this underestimation of the model pre-
dictions and reduced shear effects, we scale our derived con-
straints on σ8 for a flat ΛCDM cosmology by a factor
0.9/0.947 # 0.95012, yielding

σ8 (Ωm/0.3)0.51 = 0.75 ± 0.08 (68.3% conf., MS-calib.).
11 Here we have scaled the uncertainty for the mean ray-tracing data
vector from the uncertainty for a single COSMOS-like field assuming
that all realizations are completely independent. This is slightly opti-
mistic given the large but finite volume of the simulation, and fact that
the realizations were cut from larger fields.
12 We expect that this correction factor depends on cosmological pa-
rameters. Yet, considering the weak lensing degeneracy for Ωm and σ8,
the input values of the Millennium Simulation are quasi equivalent to

Note that we did not apply this correction for the values given in
the previous section and listed in Table 2, as we can only test it
for the case of a flat ΛCDM cosmology. Additionally, we want
to keep the results comparable to previous weak lensing studies,
which we expect to be similarly affected.

Having eliminated this last source of systematic uncertainty,
we now estimate joint constraints with WMAP-5 CMB-only
data (Dunkley et al. 2009), conducted similarly to the analy-
sis by Kilbinger et al. (2009a). Here we assume a flat ΛCDM
cosmology, completely relax our priors to Ωb ∈ [0.01, 0.1],
ns ∈ [0.7, 1.2], h ∈ [0.2, 1.4], and scale σ8 for the lensing model
calculation according to the Millennium Simulation results.
Here we also marginalize over an additional 2% uncertainty in
the lensing σ8 calibration to account for the dropped remaining
mean shear calibration bias (0.8%, Sect. 3) and limited accuracy
of the employed residual shear correction (Sect. 4), which we es-
timate to be 1% in σ8. From the joint analysis with WMAP-5 we
find

Ωm = 0.266+0.025+0.057−0.023−0.042

σ8 = 0.802+0.028+0.055−0.029−0.060 (68.3%/95.4% conf., MS-calib.),

which reduces the size of WMAP-only 1σ (2σ) error-bars on
average by 21% (27%). We plot the joint and individual con-
straints in Fig. 15, illustrating the perfect agreement of the two
independent cosmological probes.

Lensing+WMAP
Lensing
WMAP
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Fig. 15. Comparison of the constraints on Ωm and σ8 for a
flat ΛCDM cosmology obtained with our COSMOS analysis
(dashed), WMAP-5 CMB data (dotted), and joint constraints
(solid). The contours indicate the 68.3%, 95.4%, and 99.7%
credibility regions. Note that the weak lensing alone analysis
uses stronger priors. The weak lensing constraints on σ8 have
been rescaled to account for modelling bias of the non-linear
power spectrum and reduced shear corrections according to the
ray-tracing constraints from the Millennium Simulation.

σ8 # 0.82 for Ωm = 0.3, which is sufficiently close to our constraints to
justify the application.



• CMB is a unique source for lensing

• Gaussian, with well-understood 
power spectrum (contains all 
info)

• At redshift which is (a) unique, 
(b) known, and (c) highest

TL(n̂) = TU (n̂ +∇φ(n̂))

CMB Lensing 

Broad kernel, peaks at z ~ 2

Photons get shifted
n̂

T

n̂ +∇φ

strong detections 
now exist

Power spectrum of density fluctuations



Forecast & Wish List 
for lensing

• cosmic shear requires large areas, good redshift 
discrimination, good telescope understanding

• space-based may be easier (high resolution, broad 
wavelength coverage, very dark sky)

• large surveys coming soon: 1000s of square 
degrees of deep imaging (DES, Pan-
Starrs, ...,LSST)



 

! "#

$%&&'()*!+,!-./0!12%&/3/3'4!5%&!-'!$'%42('67!/0'!8'(%53/9!.,!/034!(':%/3.&!5%&!-'!50'5;'67!
permitting a test of the underlying GR theory*!
!
<3=2('!+>?@!3::24/(%/'4!/0'!',,'5/!.,!6%(;!'&'(=9!.&!/0'!634/%&5'?('6403,/!%&6!=(.A/0?
('6403,/!(':%/3.&47!03=0:3=0/3&=!/0'!&''6!,.(!B'(5'&/?:'8':!B('5343.&!3&!/0'4'!12%&/3/3'4!3,!
A'!%('!/.!5.&4/(%3&!/0'!6%(;?'&'(=9!'12%/3.&!.,!4/%/'!/.!%-.2/!C*#!%552(%59*!
!

!!! !
Fig. VI-2: The primary observables for dark-energy – the distance-redshift relation DDz)!
and the growth-redshift relation gDz) – are plotted vs. redshift for three cosmological 
models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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Characterizing 
Dark Energy

from Dark Energy Task Force reportCMB

SNe
BAO
Lensing



Number counts of rare objects

• simulated 2x2 degree 
map showing projected 
thermal pressure

• number of most 
massive objects highly 
sensitive to amplitude 
of density fluctuations

-10%
ref fluctuation 

amplitude

+10% +20%



Image by Will High in recent paper by Williamson et al

One of the heaviest objects in the universe
>1015 solar masses

Fig. 16.— SPT-CL J0438-5419, also known as ACT-CL J0438-5419, at zrs = 0.45. Blanco/MOSAIC-II irg images are shown in the

optical/infrared panel.

Fig. 17.— SPT-CL J0549-6204 at zrs = 0.32. Blanco/MOSAIC-II irg images are shown in the optical/infrared panel.

patch of 
isolated cosmic 

fog

CMB map made with South Pole Telescope



Cluster dN/dz

41

Vanderlinde et al 2010

First SPT Cosmological result (Vanderlinde et al 2010), used SPT’s first 
21 clusters to constrain cosmology

100 steps from WMAP7 wCDM MCMC
chain with SPT dN/dz overplotted

slide from Brad Benson



Constraints on dark energy from 
X-ray selected galaxy clusters

• Vikhlinin et al 2009 
(see also Mantz et al)

• ~60 clusters at z<0.7



Forecast & Wish List 
for galaxy clusters

• need larger samples: 1% requires 1000s of 
clusters just to beat Poisson noise: eROSITA (X-
ray), DES (optical)

• need strong validation campaign to ensure the 
sample properties are well-understood (i.e., 
make sure that the number of objects is 
changing, not the type of object that is being 
found)
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and the growth-redshift relation gDz) – are plotted vs. redshift for three cosmological 
models.  The green curve is an open-Universe model with no dark energy at all.  The 
black curve is the “concordance” CDM model, which is flat and has a cosmological 
constant, i.e., w .  This model is consistent with all reliable present-day data.  The 
red curve is a dark-energy model with w , for which other parameters have been 
adjusted to match WMAP data.  At left one sees that dark-energy models are easily 
distinguished from non-dark-energy models.  At right, we plot the ratios of each model to 
the CDM model, and it is apparent that distinguishing the w  model from CDM 
requires percent-level precision on the diagnostic quantities.!
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SNe
BAO
Lensing

Clusters



Summary

• dark energy is being observed in many 
different ways

• first discovered through supernovae, but many independent 
cross-checks!

• distances & structure formation are two 
fundamentally different tests

• all methods have strengths and weaknesses 
but great promise for figuring out dark energy


